We examined the effect of mutation of two sortase genes of Bacillus anthracis, srtA and srtB, on the ability of the bacterium to grow in J774A.1 cells, a mouse macrophage-like cell line. While disruption of either srtA or srtB had no effect on the ability of the bacteria to grow in rich culture media, mutations in each of these genes dramatically attenuated growth of the bacterium in J774A.1 cells. Complementation of the mutation restored the ability of bacteria to grow in the cells. Since the initial events in inhalation anthrax are believed to be uptake of B. anthracis spores by alveolar macrophages followed by germination of the spores and growth of the bacteria within the macrophages, these results suggest that two sortases of B. anthracis may be critical in the early stages of inhalation anthrax.
Bacillus anthracis is a spore-forming, gram-positive, soilborne organism that causes disease in both animals and humans. Human disease presents in three forms: cutaneous, gastrointestinal, and inhalational anthrax (7) . Unless antibiotics are administered early, inhalational anthrax is associated with a high mortality rate (8) . The inhalational form of anthrax has become a major concern because of the potential for B. anthracis to be used in the aerosolized form as a bioweapon.
During the very early stages of inhalation anthrax, alveolar macrophages engulf inhaled spores and transport them to the regional lymph nodes. The spores germinate within the macrophages followed by growth of the vegetative bacilli and their release into circulation, where they are capable of replicating to a density of 10 8 CFU/ml (10, 11) . While factors encoded on the two virulence plasmids of B. anthracis, pXO1 and pXO2, clearly play important roles in pathogenesis (9, 13, 15, (19) (20) (21) 28) , chromosomally encoded factors are also likely to be critical in disease progression. A more complete understanding of the virulence factors of B. anthracis is required in order to expedite development of novel therapeutics and vaccines.
Since surface proteins of bacteria often play important roles in virulence, we hypothesized that such proteins may also play a role in the pathogenesis of B. anthracis. One group of surface proteins that is commonly found in gram-positive bacteria consists of proteins that are attached to the peptidoglycan by a family of proteins known as sortases (22) . Such surface proteins contain an N-terminal signal peptide and a C-terminal sorting signal that contains the motif LPXTG (or a slight variation thereof) that is recognized by the sortase. Sortases are transpeptidases that are anchored in the membrane of the bacteria via an N-terminal hydrophobic leader peptide (22) . They cleave the substrate protein after the threonine residue of the LPXTG motif and, through a nucleophilic attack of the amino group of the lipid II peptidoglycan precursor, link the protein to the cell wall (24, 27) . Loss of sortase activity results in improper localization of the LPXTG-containing surface proteins with resulting loss of function and can lead to an attenuation of virulence (16) .
B. anthracis has three putative sortase genes (23, 26) . Two of these, BA0688 and BA4783 (26) , are named srtA and srtB, respectively, based on their homology to the srtA and srtB genes of Staphylococcus aureus and Listeria monocytogenes (1, 30) . The protein encoded by srtA contains the characteristic N-terminal transmembrane region and C-terminal catalytic TLXTC motif that is conserved in all sortase family member proteins. The three-dimensional structure of B. anthracis SrtB has been determined at 1.6-Å resolution and was shown to be very similar to that of S. aureus SrtB (30) . A putative active site comprising a Cys-His-Asp catalytic triad has been identified in B. anthracis SrtB and shown to have a spatial arrangement similar to that of the S. aureus SrtB (30) . Examination of the B. anthracis genome reveals a number of putative sortase substrates as determined by the presence of an LPXTG motif at the C-terminal end of the predicted protein (26) .
In inhalational anthrax, alveolar macrophages are believed to be the primary site for germination of B. anthracis spores (10) . The ability of the bacteria to survive and grow within and to escape from this environment is thought to be critical for the disease to proceed. In this study, we examined the effect of mutations of the srtA and srtB genes on the ability of B. anthracis to grow in cultures of J774A.1 cells, a mouse macrophage-like cell line, as a first step in identifying factors that may play an important role in the early stages of disease. We constructed the srt mutations in B. anthracis Sterne 7702 (all strains and plasmids used in this study are listed in Table 1 ). While the Sterne strain of B. anthracis lacks pXO2, one of the two plasmids found in fully virulent strains of B. anthracis, it nonetheless survives and replicates in macrophages (4, 25) . Others have shown that escape of the Sterne strain from macrophages is indistinguishable from that of a B. anthracis strain containing both pXO1 and pXO2 (4) .
The regions of the B. anthracis chromosome containing srtA (BA0688) and srtB (BA4783) are depicted in Fig. 1 . Insertional mutagenesis of the genes was accomplished as follows. PCR products were synthesized using oligonucleotides 1 and 2 for amplification of a portion of the srtA gene and 3 and 4 for amplification of a portion of the srtB gene (all primers used in this study are listed in Table 2 ). The PCR products were designed to remove the 5Ј portion of the gene encoding the signal sequence needed for the insertion of the sortase protein into the membrane and the 3Ј portion of the gene encoding amino acid residues predicted to be located in the enzymatic site. The PCR fragments were cloned into the temperaturesensitive vector pHY304 to create pHYZ2 and pHYZ3. The pHY304 vector replicates autonomously at 30°C but not at 37°C. The plasmids were introduced into B. anthracis by electroporation (14) . The resultant transformants were selected on brain heart infusion (BHI) agar containing erythromycin at 30°C. Bacteria were then passaged at the nonpermissive temperature (37°C). Single colonies were isolated, and those that grew on BHI agar containing erythromycin (10 g/ml) were examined by PCR analysis to verify that the plasmid had integrated into the srt gene on the chromosome. Integration of the plasmid into the chromosome by homologous recombination results in the formation of two incomplete copies of the srt gene, each of which would be predicted to encode a nonfunctional protein (Fig. 1) . Complementing plasmids were also constructed and introduced into the appropriate mutant strains. Complementation of the srtA mutation was accomplished as follows. The srtA gene plus 776 base pairs upstream of srtA encompassing two putative open reading frames and a potential promoter sequence ( Fig. 1 ) was amplified by PCR using primers 5 and 6. The resulting 1,573-bp product was inserted into pUTE29, a plasmid capable of autonomously replicating in B. anthracis, to create pEZ31. pEZ31 was introduced into B. anthracis Sterne 7702::pHYZ2 by electroporation. Complementation of the srtB mutation was accomplished as follows. PCR fragments were amplified using primers 7 and 8 (to obtain the putative promoter region) and primers 9 and 10 (to obtain the srtB gene) (Fig. 1) . The former fragment was cloned into PCR2.1-TOPO, creating pEZ32. pEZ32 and the latter fragment were digested with SacI and XmaI and ligated to form pEZ33, which contains the putative promoter, an inframe fusion of BA4789 and BA4784, and srtB. The HindIIISacI fragment of pEZ33 was inserted into pUTE29 to generate pEZ34. pEZ34 was introduced into B. anthracis Sterne 7702::pHYZ3 by electroporation. As indicated, some upstream sequence was included in the complementing clones for both srtA and srtB to ensure that a functional promoter was included; however, it should be noted that the methodology used to create the srtA and srtB mutations would not be expected to affect expression of upstream genes.
To determine if a defect in either of the srt genes has an effect on the growth rate of B. anthracis Sterne 7702 in vitro, we compared the growth of the srtA and srtB mutant strains in BHI broth with that of the parental strain. Spores were prepared essentially as described previously (6) and were enumerated visually using a hemacytometer. Equal numbers of spores were used to inoculate BHI broth (50 ml). Cultures were incubated at 37°C in a shaking incubator set at 250 rpm, and aliquots were taken hourly for 9 h. Growth of the bacteria was measured by determining the absorbance of the cultures at 600 nm. No significant difference in the growth rate of either the srtA or srtB mutant strain as compared to the parental strain in BHI broth was observed (data not shown). Throughout the growth of the mutant strains, erythromycin resistance was maintained (data not shown), indicating no detectable loss of the integrated plasmids that disrupted the srtA and srtB genes. Thus, disruption of neither srtA nor srtB affects growth in vitro.
We next examined whether the mutant strains were impaired in their ability to grow in macrophages. In this assay, J774A.1 cells (ATCC TIB-67) were seeded in 96-well plates and incubated at 37°C and 5% CO 2 overnight. On the day of the experiment, bacterial spores were diluted in Dulbecco's modified Eagle's medium (DMEM; Gibco BRL, Rockville, Md.) supplemented with 10% horse serum (Biosource, Gaithersburg, Md.) and added to triplicate wells containing the J774A.1 monolayers at a multiplicity of infection (MOI) of 1. After 1 h at 37°C, the wells were washed three times with prewarmed cell culture medium and then incubated at 37°C with cell culture medium containing gentamicin (10 g/ml) for an additional 30 min. The monolayer was then washed three times with cell culture medium containing 10% horse serum. The infection was carried out in DMEM supplemented with 10% horse serum to reduce germination of extracellular spores. We have found that the spores do not germinate in this medium over the time course of our experiments (data not shown). At the indicated times extracellular bacteria were enumerated by removing the cell culture medium from the wells, serially diluting (10-fold dilutions) it in a volume of 200 l, and plating the dilutions on BHI agar and BHI agar containing antibiotics when appropriate. The CFU were determined at each dilution, and CFU per milliliter were then calculated. CFU were determined in the presence and absence of appropriate antibiotics to verify the stability of the constructs over the time course of the experiment. Intracellular bacteria were enumerated as follows. Sterile distilled water (200 l) was added to the monolayers after the removal of the extracellular media as described above followed by incubation at room temperature for 10 min. The cell monolayers were then observed microscopically to assure complete lysis. The resultant suspension was serially diluted and counted as described above for the extracellular bacteria. The zero time point was taken immediately following the removal of the gentamicin. When we examined the ability of the srtA mutant strain to grow in J774A.1 cells using this assay, we obtained the results (26) . While srtA (BA0688) is located in a region of the chromosome devoid of genes encoding putative LPXTG-containing substrates, srtB (BA4783) is located approximately 6 kb from BA4789, which encodes a potential substrate (see the text). Insertional mutagenesis of the srt genes was accomplished as diagrammed. A portion of the srt gene (gray-shaded box) lacking critical regions at both the 5Ј and 3Ј ends was inserted into a temperature-sensitive plasmid. At the nonpermissive temperature, plasmid-encoded drug resistance is maintained only if the plasmid recombines with the chromosome. Homologous recombination results in the formation of two incomplete copies of the srt gene, each of which is predicted to encode a nonfunctional protein (see the text). Asterisks indicate the positions of the primers used to generate PCR fragments used in the complementing plasmids (see the text for details).
shown in Fig. 2 . The parental strain, B. anthracis Sterne 7702, increased in number intracellularly until 8 h, after which an abrupt decrease in intracellular numbers was observed. This decrease was accompanied by a corresponding increase in extracellular bacteria. The srtA mutant, Sterne 7702:: pHYZ2(pUTE29), unlike the parental strain, did not appear to replicate intracellularly over the course of the experiment. Also, no significant increase in extracellular numbers was observed for the srtA mutant strain. Complementation of the srtA mutant with a plasmid containing the srtA region restored intracellular growth to near the levels observed with the parental strain. These results indicate that srtA is essential for growth of B. anthracis within macrophages. Microscopic analysis of the J774A.1 cells during the course of infection further illustrates the striking difference between growth of the parental and mutant strains. As shown in Fig. 3 , significant numbers of B. anthracis Sterne bacteria were associated with the macrophages 8 h after initiation of infection; however, very few of the srtA mutant bacteria were observed. The phenotype of the srtA mutant is contrasted with that of B. anthracis 9131, a strain lacking both pXO1 and pXO2. As seen in Fig. 3 , a considerable number of B. anthracis 9131 bacteria were associated with the J774A.1 cells 8 h after infection as compared to the srtA mutant.
We next examined whether mutations in srtB of B. anthracis might affect survival or growth of the organism in macrophages. We infected J774A.1 cells with spores of B. anthracis Sterne 7702 and the srtB mutant strain Sterne 7702:: pHYZ3(pUTE29). We determined both intracellular and extracellular bacterial counts over the course of a 12-h infection as described above (Fig. 4) . The srtB mutant strain exhibited a decreased ability to grow intracellularly as compared to the parental strain. Complementation of the mutant strain with the srtB region restored the ability of the mutant strain to grow within the macrophages to a level near that of B. anthracis Sterne 7702. These results suggest that the SrtB protein is essential for the ability of B. anthracis to grow in J774A.1 cells. Microscopic analysis of the infection of J774A.1 cells with the B. anthracis strains is shown in Fig. 3 . As seen in the figure, fewer srtB mutant bacteria were found associated with the macrophages 8 h after the initiation of infection as compared to either the parental B. anthracis Sterne strain or B. anthracis 9131.
Our results indicate that disruption of either the srtA or srtB gene results in an inability of the bacteria to grow in J774A.1 cells, since the mutant bacteria do not increase in number during the course of the infection. The microscopic appearance of the mutant spores did not differ from that of the parental spores (data not shown), nor did the defect appear to affect uptake of mutant spores, since the number of mutant bacteria present at the initial time point did not differ significantly from that of the parental Sterne strain or from that of the strain complemented with the appropriate srt gene (Fig. 2  and 4) . Moreover, the defect does not appear to be a general germination defect, since mutant spores germinate as well as parental Sterne spores in BHI medium (data not shown), al- a The underlined bases are restriction sites added to the sequence to facilitate cloning. Primers were designed using the genome sequence of the B. anthracis Ames strain (Genbank accession no. AE016879).
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NOTES 5225 though we cannot discount the possibility that the mutant spores have a germination defect that is specific to the intracellular environment of the macrophage.
The srtA genes of a number of gram-positive bacteria have been shown to be necessary for proper localization of multiple LPXTG-containing proteins (22) . Incorrect localization and presentation of these proteins due to mutations in the srtA gene can attenuate the virulence of the bacteria. For example, disruption of srtA of S. aureus diminished the ability of the bacteria to cause acute infection in mice (16) . Mutation of the srtA gene of L. monocytogenes impaired the ability of the bacteria to colonize the liver and spleen of mice (1). Our results suggest that SrtA of B. anthracis is likely involved in the correct localization of one or more proteins essential for intracellular growth of the bacteria, an early step in the infectious process. The genome sequence of B. anthracis reveals multiple potential SrtA substrates (26) containing the LPXTG motif characteristic of SrtA substrates in other gram-positive bacteria. Two such B. anthracis LPXTG-containing proteins have been recently studied and were shown to be capable of binding collagen (29) . We do not know whether these two proteins might contribute in any way to the phenotype that we observed with our srtA mutant strains.
SrtB proteins of gram-positive bacteria also anchor critical proteins to the bacterial cell surface. SrtB of S. aureus is the most extensively characterized protein belonging to this class of sortase (17, 18, 30) . The srtB of S. aureus is found within a region of the genome encoding proteins important for iron acquisition. SrtB of S. aureus tethers IsdC, a protein involved in iron transport, to the cell wall via its NPQTN sequence (18) . Mutational analysis of the srtB gene of S. aureus reveals that it is important for persistence of infections in mice (18) . The srtB of B. anthracis is located just downstream from BA4789, which is predicted to encode a protein exhibiting considerable homology with IsdC of S. aureus (26) . The amino acid sequence of this protein contains an NPKTG sequence that is a potential target for SrtB. Three other genes in this region, BA4784 to BA4786, are predicted to encode proteins that share homology with iron compound ABC transporters (26) . Thus, it is tempting to speculate that the SrtB of B. anthracis might be necessary for proper localization of a protein involved in iron acquisition. Cendrowski et al. recently demonstrated that disruption of a gene encoding a protein necessary for siderophore biosynthesis resulted in attenuation of the growth of B. anthracis within macrophages (3), illustrating that iron acquisition systems can be critical during the intracellular stage of this disease.
In this study, we found that mutations in the srtA and srtB genes of B. anthracis result in dramatic attenuation of the growth of the organisms within J774A.1 cells. This phenotype is in contrast to the phenotypes observed with certain other genetic lesions of B. anthracis that have previously been reported. In particular, loss of the pXO1 plasmid which encodes a number of proteins, including the anthrax toxin proteins, resulted in an altered phenotype in macrophages; however, in this case, the bacteria are able to grow and replicate within the macrophage, but they do not readily escape from the cell into the culture medium as seen in Fig. 3 and as described previously (4, 25) .
B. anthracis is perhaps the most feared of all potential bacterial bioweapons. The disease, if diagnosed early, can be controlled by a number of antibiotics. However, because of the possibility of the release of genetically engineered strains of the organism which have altered antibiotic sensitivity, identification of other potential drug targets is a high priority. Others have suggested that sortases may be potentially good targets for therapeutic intervention (30) . Our work underscores and adds support to that idea, since defects in two of the srt genes of B. anthracis result in dramatic attenuation of the growth of the organism in macrophages, a step that is thought to be critical in the infectious process.
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